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Abstract: Simulation of Doppler Hα tomogram of the nova-like star AE Aquarii suggests
that the dipole magnetic moment of the white dwarf is close to 1.5 × 1034Gcm3. This is
consistent with the lower limit to the magnetic field strength of the white dwarf derived from
observations of circularly polarized optical emission of the system. The rapid braking of the
white dwarf and the nature of pulsing hard X-ray emission recently detected with SUZAKU
space telescope under these conditions can be explained in terms of spin-powered pulsar mech-
anism. A question about the origin of strongly magnetized white dwarf in the system remains,
however, open. Possible evolutionary tracks of AE Aquarii are briefly discussed.
1 Introduction
Basic parameters of the close binary system AE Aqr are listed in Tab. 1. The red dwarf
overflows its Roche lobe and transfers material through the L1 point towards the white
dwarf. This material, however, is neither accreted onto the surface of the white dwarf nor
stored in a disk around its magnetosphere. Instead, it is streaming out from the system
with an average velocity of 300 km s−1. The spin-down power of the white dwarf exceeds
the bolometric luminosity of the system by a factor of a few (see Tab. 2). Finally, the
system shows flaring activity whose properties are absolutely unique among all classes of
flaring astrophysical objects (for a review see Beskrovnaya et al., 1996; Ikhsanov et al.,
2004, and references therein).
Theoretical studies of the system during the last decade have led to a conclusion that
AE Aqr does not fit in any of the accretion-based models developed for Cataclysmic
Variables (see, e.g. Wynn et al., 1997). In other words, the white dwarf in the system
is not an accretion-powered pulsar. This situation can be explained in terms of the
centrifugal inhibition (propeller) model provided that the magnetic field of the white
dwarf is strong enough for its magnetospheric radius to exceed the corotational radius
(see Tab. 3). However, how strong is the magnetic field ? A lack of the white dwarf’s
photospheric lines in the system spectra makes impossible a direct measurement of the field
strength through Zeeman effect. Among other methods, which can be used to answer this
question, are the simulation of Doppler Hα tomogram of the system, the modeling of the
rapid braking of the white dwarf, the analysis of the circularly polarized optical emission,
and a reconstruction of power source of the pulsing hard X-ray emission recently discovered
by SUZAKU space telescope. Following these methods one comes to a conclusion that
the dipole magnetic moment of the white dwarf in AE Aqr is close to 1.5 × 1034Gcm3
and its rapid braking is governed by the pulsar-like spin-down mechanism.
2 Diskless mass-transfer
As first recognized by Wynn et al. (1997), the observed Doppler Hα tomogram of AE Aqr
gives no evidence for a presence of an accretion disk in the system. Simulating the
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Table 1: Parameters of AE Aquarii∗
System parameters Distance Binary period Inclination Eccentricity Mass ratio
Value (100± 30) pc 9.88hr 50◦ < i < 70◦ 0.02 0.6− 0.8
Stellar parameters Type Mass (M⊙) Spin period P˙ (s s−1)
[
~Ω ∧ ~m
]∗∗
Secondary K3V–K5V 0.41 sin−3 i ∼ 9.88hr – –
Primary White Dwarf 0.54 sin−3 i 33.08 s 5.64× 10−14 74◦ − 76◦
∗ For references see e.g. Ikhsanov et al. (2004)
∗∗ The angle between the rotational and magnetic axes
Table 2: Energy budget of AE Aquarii∗
Component Balmer UV-Emission Hα X-rays Radio Lb
† Lsd
†
Continuum Lines 0.1–20keV 5–240MHz
Quiescence∗∗ 2.0× 1031 1.6× 1031 4.8× 1030 7.8× 1030 1028 1033 6× 1033
Flares∗∗ 8.4× 1031 4.1× 1031 1.4× 1031 1.7× 1031 2× 1029 1033 6× 1033
∗ For references see e.g. Ikhsanov et al. (2004), Ikhsanov & Biermann (2006)
∗∗ in erg s−1
† Lb is the system bolometric luminosity and Lsd is the spin-down power of the white dwarf
mass-transfer in terms of drag interaction between the inhomogeneous stream (a set of
large diamagnetic blobs) and the magnetosphere (drag-driven propeller model) they have
shown that the material transferred from the normal companion through the L1 point is
streaming away from the system without forming a disk.
Ikhsanov et al. (2004) further elaborate on the latter picture concluding that the struc-
ture of the simulated tomogram depends on the magnetic field strength of the white dwarf.
A best agreement between the observed and simulated tomograms has been found for
µwd ≃ 1.5 × 1034Gcm3 (see Fig. 1). Under these conditions the stream approaches the
white dwarf to a distance
r0 >∼ RA ≃ 3× 1010 η0.37 µ4/734.2 M˙−2/717 M−1/70.9 cm, (1)
where RA is the Alfve´n (magnetospheric) radius of the white dwarf with the dipole mag-
netic moment, µ34.2, and mass, M0.9, expressed in units of 10
34.2Gcm3 and 0.9M⊙. The
mass-transfer rate, M˙17, is expressed in units of 10
17 g s−1, and η0.37 = η/0.37 is the pa-
rameter accounting for the geometry of the accretion flow normalized following Hameury
et al. (1986). Under the conditions of interest RA exceeds the circularization radius (see
Tab. 3) and, therefore, prevents a formation of an accretion disk in the system. The
stream velocity at RA is limited to <∼ 550 rm s−1. This is consistent with the upper limit
to the velocity of the flow in AE Aqr derived from the observed Doppler Hα tomogram
(Welsh et al., 1998). This provides us with a natural solution of the high-velocity loop
problem reported by Wynn et al. (1997).
Thus, modeling of mass-transfer in AE Aqr in terms of the drag-driven propeller model
suggests that the dipole magnetic moment of the white dwarf is µ ≃ 1.5× 1034Gcm3.
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Table 3: Basic scales of AE Aquarii
Radius∗ Rwd Rcor Rcirc RL1 Rlc a
Value (cm) (6− 7)× 108 1.5× 109 (1.8− 2)× 1010 1011 1.6× 1011 (1.7− 1.9)× 1011
∗ Rwd is the white dwarf radius; Rcor is the corotational radius; Rcirc is the circularization radius; RL1 is
the distance from the white dwarf to the L1 point; Rlc is the radius of the light cylinder; a is the orbital
separation of the system components.
3 Spin-down mechanism of the white dwarf
3.1 Propeller spin-down
The spin-down power by the magnetic propeller is limited to the magnetic flux transfer
rate through the region of interaction between the magnetic field and the blobs. This
condition can be expressed as
Lprop <∼
B2(r0)
8π
σeff(r0) Nb tint(r0) |Vf(r0)− V b(r0)|⊥, (2)
where B(r0) = 2µwd/r
3
0. The number of blobs approaching the white dwarf to a distance
r0 in a unit time is limited to
Nb <∼ 3 × M˙17 ρ−1−11 l−39 , (3)
where l9 and ρ−11 are the radius and density of the blobs expressed in units of 10
9 cm and
10−11 g cm−3 (see Wynn et al., 1997). Under the conditions of interest (i.e. r0 ≫ Rcor)
the field velocity, Vf = ωsr0, significantly exceeds the velocity of blobs, Vb <∼ Vff =
(2GMwd/r0)
1/2, and hence, |Vf(r0) − V b(r0)|⊥ ≃ ωsr0 (the suffix ⊥ denotes the velocity
component perpendicular to the field lines). The time of interaction between the blobs and
the magnetosphere at a distance r0 is of the order of free-fall time, tint ≃ (r30/2GMwd)1/2.
Finally, the effective cross-section of interaction between the blob and magnetic field can
be expressed as
σeff ≃ 2πlb∆r ∼ 2πlb (Deff tint)1/2 , (4)
where ∆r is a scale of the magnetic field diffusion into the blob on a time scale tint. In
the case of Bohm diffusion (i.e. Deff = αB
ckBTi
16eB
, see, e.g. Ikhsanov & Pustil’nik, 1996)
one finds (combining Eqs. 2 - 4)
Lprop <∼ 1032 erg s−1 α0.1 Nb ω0.2 l9 µ3/234 M−3/70.8 T 1/28
(
r0
3× 1010 cm
)−5/4
≃ 2× 10−2 Lsd,
(5)
where α0.1 = αB/0.1 is the diffusion efficency, which is normalized following the resulats
of measurements of solar wind penetrating into the magnetosphere of the Earth (Gosling
et al., 1991), ω0.2 = ωs/0.2 and T8 is the temperature of outer layers of the blobs expressed
in units of 108K.
Thus, the efficiency of the propeller action by the white dwarf constitutes only a few
per cents of the observed spin-down power. This indicates that the observed braking of
the white dwarf is governed by a different mechanism.
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Figure 1: Doppler Hα tomogram of AE Aquarii. Left-up: observed (Welsh et al., 1998); Left-down:
simulated under the assumption µ ∼ 1032Gcm3 (Wynn et al., 1997; Ikhsanov et al., 2004); Right-up:
simulated under the assumptions that µ ∼ 1032Gcm3 and the emission comes from outside the system
(Welsh et al., 1998); Right-down: simulated under the assumption µ ≃ 1.5× 1034Gcm3 Ikhsanov et al.
(2004). For further discussion see Ikhsanov et al. (2004).
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3.2 Pulsar-like spin-down
The only astrophysical objects whose spin-down power significantly exceeds their bolo-
metric luminosity are the spin-powered pulsars. The spin-down power of these objects is
released mainly in a form of magneto-dipole waves and accelerated particles. As recently
shown by Ikhsanov & Biermann (2006), the spin-down mechanism developed for these
objects is perfectly applicable to the case of the white dwarf in AE Aqr. In particular, the
observed braking of the white dwarf can be explained in terms of the pulsar-like spin-down
mechanism provided that its dipole magnetic moment is
µ ≃ 1.4× 1034
(
Ps
33 s
)2(
Lsd
6× 1033 erg s−1
)1/2
Gcm3. (6)
This implies that the strength of the surface magnetic field of the white dwarf in the
magnetic pole regions is
B0 =
2µ
R3wd
≃ 100
(
Rwd
7× 108 cm
)−3 [
µ
1.4× 1034G cm3
]
MG, (7)
and, correspondingly, the surface field strength at its magnetic equator is B0/2 = 50MG.
As seen from Eq. (6), the value of µ required for the interpretation of the rapid brak-
ing of the white dwarf in terms of the pulsar-like spin-down mechanism is in excellent
agreement with that derived by Ikhsanov et al. (2004) from the simulation of the Doppler
Hα tomogram within the drag-driven propeller approach. Thus, analysis of both the
mass-transfer and the braking of the white dwarf suggests the same value of the dipole
magnetic moment of the white dwarf, namely, µ ≃ 1.5× 1034Gcm3.
4 Circularly polarized optical emission
As first shown by Cropper (1986), the optical emission of AE Aqr is circularly polarized at
a level of p = 0.05%± 0.02%. An attempt to explain this result in terms of the cyclotron
emission from the base of the accretion column has led Bastian et al. (1988) to a serious
problem. Namely, they have found that observations reported by Cropper (1986) can
be interpreted in terms of the model of Chanmugam & Frank (1987) only if the surface
field of the white dwarf exceeds 106G. However, the magnetospheric radius of the white
dwarf (see Eq. 1) under these conditions is significantly larger than its corotational radius
(see Tab. 3) and hence, an accretion of material onto the surface of the white dwarf is
impossible (the star turns out to be in the centrifugal inhibition state). But if this is
really so, the model of Chanmugam & Frank (1987) is not applicable (because of a lack
of the accretion column) and cannot be used for determination of the surface field of the
white dwarf.
In order to solve this paradox Beskrovnaya et al. (1996) have performed an independent
measurement of the degree of circularly polarized emission of the system. Their result,
p = 0.06%±0.01%, is in excellent agreement with the result of Cropper (1986). Analyzing
these observations Ikhsanov et al. (2002) have shown that the hot polar caps at the
surface of the white dwarf, which were recognized through observations of the system with
the Hubble space telescope (Eracleous et al., 1994), cannot be a source of the observed
circularly polarized emission. Otherwise, the intrinsic polarization of the optical emission
in these regions turns out to be in excess of 100%. It has also been shown that the
polarized emission cannot be interpreted in terms of the linear and quadratic Zeeman
5
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effect. The results of numerical simulations reported by Ikhsanov et al. (2002) show that
the degree of polarization in the case of B = 1MG is close to zero and for the case of
B = 50MG is limited to <∼ 0.015%, which is a factor of 4 smaller than the observed value.
Thus, a question about the mechanism responsible for the observed circularly polarized
optical emission remains so far open. It is, however, absolutely clear that the evaluation
of the magnetic field reported by Bastian et al. (1988) has been made under assumptions
which are not valid in the case of AE Aqr and, therefore, does not reflect the system
properties.
5 Pulsing X-ray emission
As recently reported by Terada et al. (2008), properties of pulsing X-ray emission of
the system observed with SUZAKU at 10-30 keV suggest a non-thermal nature of this
radiation. The authors of this discovery have associated this emission with radiative losses
of electrons accelerated in the magnetosphere of the fast rotating, strongly magnetized
white dwarf. The luminosity of the non-thermal pulsing X-ray source has been evaluated
as ∼ (0.5−2.3)×1030 erg s−1. It has been noted, however, that the hard X-ray pulsations
have a duty ratio of only 0.1, which may reflect the fact that the radiation is anisotropic
and highly beamed. This indicates that the source luminosity can be limited to1 Lx−p >∼
Lmin ≃ 5× 1028 erg s−1.
It is widely believed that acceleration of particles by the white dwarf in AE Aqr rep-
resents nothing unusual since the electric potential in the magnetosphere of this star
(Ve ∼ 2πR2wdBwd/Ps) has a huge value (∼ 1014 − 1016V). However, for an acceleration of
particles in this potential to be effective the number density of material in the magneto-
sphere should not exceed the Goldreich-Julian density
nGJ =
(~Ω · ~B)
2πce
≃ 5× 104
(
Ps
33 s
)−1 (
B
108G
)
cm−3. (8)
Otherwise, the electric field responsible for particle acceleration would be screened by the
magnetospheric plasma. As recently shown by Ikhsanov & Biermann (2006), the kinetic
luminosity of the beam of relativistic particles under these conditions is limited to
dEp
dt
<∼ e ϕ(l0) N˙ ≃ 5× 1029 erg s−1
(
Bwd
108G
)2
, (9)
where e is the electron electric charge and l0 = (Rwd + s) is a distance from the surface
of the white dwarf to the region of generation of the X-rays.
ϕas(l0) =
∫ l0
Rwd
E‖ ds ≃ 2
√
2 EAS Rwd
[(
l0
Rwd
)1/2
− 1
]
(10)
is the electric potential generated in the polar cap regions of a fast rotating magnetized
star surrounded by a vacuum (Arons & Scharlemann, 1979). E‖ ≡ ( ~E · ~B)/| ~B| is the
component of the electric field along the magnetic field ~B, and
EAS =
1
8
√
3
(
ΩRwd
c
)5/2
B(Rwd). (11)
1This value of Lmin is smaller that that presented by Terada et al. (2008) by a factor of 100. It appears that Terada
et al. (2008) have mistakenly evaluated the luminosity of the beamed source by multiplying the luminosity of the isotropic
source by (4pi/γcol) instead of dividing it by the same value, where γcol is the opening body angle of the beam.
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The flux of relativistic particles from the polar caps of the white dwarf is
N˙ = π(∆Rp)
2nGJ(Rwd)c, (12)
where
∆Rp ≃
(
ωRwd
c
)1/2
Rwd ≃ 4× 107
(
Rwd
7× 108 cm
)3/2 (
Ps
33 s
)−1/2
cm (13)
is the radius of the polar caps.
As follows from Eq. (9), the observed luminosity of the hard X-ray pulsing component
can be explained in terms of the pulsar-like acceleration mechanism only if the surface
field of the white dwarf satisfies the condition
B(Rwd) >∼ 3× 107G × η−1
(
Lmin
5× 1028 erg s−1
)1/2
, (14)
where η < 1 is the efficiency of conversion of the energy of accelerated particles into the X-
rays. This indicates that the dipole magnetic moment of the white dwarf is >∼ 1034Gcm3,
i.e. close to the value derived from the simulation of the Doppler Hα tomogram of the
system and from the modeling of the braking of the white dwarf in terms of the pulsar-like
spin-down.
6 Discussion and conclusions
Simulations of Doppler Hα tomogram, analysis of the rapid braking of the white dwarf,
and the modeling of particle acceleration in AE Aqr suggest that the dipole magnetic
moment of the white dwarf in this system is µ ≃ 1.5×1034Gcm3. Under these conditions
the spin-down of the white dwarf is governed by the pulsar-like mechanism, i.e. its
spin-down power is released predominantly in a form of the magneto-dipole waves and
accelerated particles and significantly exceeds the bolometric luminosity of the system.
This makes the degenerate companion of AE Aqr the first white dwarf in the family of
spin-powered pulsars.
The above evaluation of the magnetic field of the white dwarf does not contradict
observations of the circularly polarized optical emission as well as all presently established
properties of the system. Moreover, the pulsar-like approach appears to be an effective
tool in explanation of the origin of hot polar caps at the white dwarf surface (in terms of
the dissipation of the backflowing current in the magnetosphere, see, e.g. Ikhsanov et al.,
2004; Ikhsanov & Biermann, 2006) and properties of the system derived from observations
in high-energy part of the spectrum.
At the same time, the above conclusion rises a problem about the history of the system.
The age of the white dwarf evaluated from its surface temperature (1 − 1.6) × 104K
(Eracleous et al., 1994) is limited to >∼ 108 yr (see, e.g. Scho¨nberner et al., 2000), while
the spin-down time scale is only P/P˙ ∼ 107 yr. This indicates that the system history
contains an accretion-driven spin-up epoch. However, the spin period to which a white
dwarf with µ ∼ 1034G s−1 could be spun-up by a disk accretion is substantially larger
than the currently observed 33 s period (for discussion see Ikhsanov, 1999). It, therefore,
appears, that the magnetic field of the white dwarf has been amplified during a previous
epoch. As shown by Ikhsanov (1999), this could occur at the end of the accretion-driven
spin-up phase due to gravitational waves emission instability of the degenerate core of
7
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the star. In this light, AE Aqr can be considered as a precursor of a polar. The detailed
study of the corresponding evolutionary track isnow work in progress.
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Curie Incoming Fellowship Program. This work was partly supported by Russian Foun-
dation of Basic Research under the grant number 07-02-00535a.
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